Cancer of the uterine cervix (cervical cancer) is the second most common cancer among women world-wide, with about 470,000 newly diagnosed cases and almost 250,000 deaths every year (19) . Human papillomaviruses (HPV) are a necessary prerequisite for cervical cancer development (3, 15, 21, 25) . More than 100 HPV types are known. HPV of the Alphapapillomavirus genus preferentially infect the oral or anogenital mucosa, and 29 types within this genus have been divided into three groups based on their association to cancer: 15 high-risk types (16, 18, 31, 33, 35, 39, 45 , 51, 52, 56, 58, 59, 68, 73, and 82), 3 putative high-risk types (26, 53, and 66), and 11 low-risk types primarily found in genital warts and low-grade cervical lesions (6, 11, 40, 42, 43, 44, 54, 61, 70, 72 , and 81) (15) .
The current cornerstone for detection of cervical cancer precursor lesions is the Papanicolaou-stained (Pap) cytological smear. However, the identification of high-risk HPV types prompted the development of new methods for early cancer screening. Given its high sensitivity, testing for DNA of highrisk HPV types has been investigated in primary screening in combination with the Pap test but also as a stand-alone test (6, 13, 17) . These studies have demonstrated that adjunct HPV DNA testing can identify women at increased risk for cervical cancer, in particular if persistent infection by individual highrisk HPV types is diagnosed (2, 3, 15, 16) . Furthermore, HPV genotyping is also valuable for investigation of the clinical behavior and epidemiology of particular types, for the characterization of study populations in HPV vaccination trials, and for monitoring the efficacy of HPV vaccines.
Various techniques are in use for HPV DNA detection: (i) direct probe methods, such as Southern blotting and in situ hybridization, (ii) signal amplification methods, such as the hybrid capture 2 (HC2) assay, and (iii) target amplification performed by a variety of PCR-based techniques. For genotyping, PCRs are being followed by signal read-out methods, such as sequence analysis, restriction fragment length polymorphism analyses, or hybridization with type-specific probes by different formats, such as membrane-based reverse line blot (RLB) assay. Recently, several RLB assays based on different PCR protocols (MY09/11 [11] , SPF [14] , or GP5ϩ/6ϩ [20] ) have been developed and validated.
GP5ϩ/6ϩ-RLB employs the general primer GP5ϩ/bio6ϩ primer set (the backward GP6ϩ primer is biotinylated) to amplify a large variety of mucosotropic HPV types. After PCR amplification, HPV sequences are detected by enzyme immunoassay (EIA), and subsequent typing is performed by hybridization of the biotinylated PCR products to type-specific oligonucleotides immobilized on membranes followed by their detection using an enhanced chemiluminescence reaction. Due to the format of the line blot strips, current assays are restricted to a maximum of about 40 oligonucleotide probes per hybridization reaction and depend upon visual read-out of the signal.
Luminex (xMAP) suspension array technology is based on polystyrene beads with a diameter of 5.6 m that are internally dyed with various ratios of two spectrally distinct fluorophores. Thus, an array of 100 different bead sets with specific absorption spectra is created. Different molecules, such as individual oligonucleotide probes, can be coupled to different bead sets. These sets are combined to a suspension array and, due to their unique absorption spectra, allow up to 100 different probes to be measured simultaneously in a single reaction (multiplexing). The technology is capable of performing both protein-and nucleic acid-based analyses. Regarding protein analyses, the development of multiplex HPV serology has been recently described by our laboratory (23) . Detection of nucleic acids using Luminex technology has been described previously (e.g., rRNA gene of bacterial pathogens [9] and genotyping of single-nucleotide polymorphisms [1, 8, 24] ). Recently, the technology has been employed for the genotyping of 45 HPV types (22) using PCR products generated with PGMY09/11-PCR (10). This assay, however, showed reduced sensitivity for identifying high-risk HPV types in cervical lesions compared to the HC2 assay (60.9% versus 81.8%).
We have developed multiplex HPV genotyping (MPG), a simple bead-based high-throughput hybridization method that allows the simultaneous detection and genotyping of up to 100 HPV types. We describe here its application to 15 high-risk HPV types, 1 putative high-risk HPV type, and the 6 most prevalent low-risk HPV types. In comparison to RLB, MPG appears to be more sensitive for the detection of HPV in GP5ϩ/6ϩ-PCR products from clinical samples, and it is suitable for epidemiologic and also diagnostic applications.
(Parts of this work have been presented as a poster at the 22nd International Papillomavirus Conference, Vancouver, Canada, May 2005.)
MATERIALS AND METHODS
Online software. Alignments of DNA sequences were performed with T-COFFEE, which combines information for both local and global homologies (18 Table 1 .
Clinical specimens. During the course of an ongoing population-based cervical screening trial, cervical scrapings were subjected to GP5ϩ/bio6ϩ-PCR followed by EIA and RLB genotyping (4, 5) . A representative set of GP5ϩ/bio6ϩ-PCR products of 88 EIA-positive samples containing a broad range of HPV types, as determined by RLB, and 6 HPV-negative samples were selected and blindly reanalyzed by MPG in this study.
HPV sequences from GenBank. HPV sequences of different isolates and complete genomes with the following accession numbers were obtained from GenBank and used for probe redesign (complete genome sequences marked with an asterisk are the reference for the corresponding HPV prototype): HPV-39,  M62849‫,ء‬ AF548857, AF548856, M38185, U45899, U45900, U45901, U45902,  U45903, U45904, and U45905; HPV-42, M73236‫ء‬ and A28090; HPV-56, X74483‫,ء‬  S40273, DQ007188, DQ007182, DQ007183, DQ007184, DQ007185, DQ007186,  and DQ007187; HPV-59, X77858‫,ء‬ AF374230, U45930, U45931, U45932, U45933,  and U12496; HPV-66, U31794‫,ء‬ NC_001695, U12498, and AY147908; HPV-70,  U22461‫,ء‬ U21941, and NC_001711; HPV-73, NC_006165‫,ء‬ X94165, and Y12222;  and HPV-82, AB027021‫,ء‬ U45939, U12484, U12482, U12488, U12483, AJ831565,  U01532, U12481 , and AF293961. The novel HPV-16 probe completely matched to 72 of 72 HPV-16 GenBank sequences containing the GP5ϩ/6ϩ L1 fragment in an uninterrupted reading frame.
GP5؉/6؉-PCR. Dilutions of HPV plasmid DNA in a background of 100 ng human placental DNA were subjected to GP5ϩ/6ϩ-PCR as previously described (7, 12, 20) . Briefly, amplification of the ϳ150-bp-long fragment of the viral L1 open reading frame was performed in 50 l PCR mixture containing 50 mM KCl, 0.8 g/liter Nonidet P40, 10 mM Tris HCl, pH 8.8 (MBI Fermentas GmbH, St. Leon Roth, Germany), 200 M of each deoxynucleoside triphosphate, 3.5 mM MgCl 2 , 1 U of DNA AmpliTaq polymerase (Roche Applied Biosystems, Mannheim, Germany), and 25 pmol each of the GP5ϩ (5Ј-TTT GTT ACT GTG GTA GAT ACT AC-3Ј) and 5Ј-biotinylated GP6ϩ (5Ј-GAA AAA TAA ACT GTA (4, 5) . Quantification of PCR products. Serial 1:2 dilutions of HPV PCR products in TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) ranging from 4.0 l to 0.25 l were separated on a 2.0% agarose gel together with 5.0 l of Smart-Ladder DNA quantification marker (Eurogentec, Seraing, Belgium). After staining with ethidium bromide (1.0 mg/liter), digital photographs were taken and concentrations were determined using ImageQuant TL v2003.02 software (Amersham Biosciences) by comparing net intensities of nonsaturated PCR product bands with those of the quantification marker.
Coupling of oligonucleotide probes. The sequences of 5Ј amino-modifier C-12-linked oligonucleotide probes (MWG-Biotech) are shown in Table 1 . Published ("old") probes that generated insufficient signal-to-noise ratios or recognizing too few variants were redesigned ("novel"). Probes were coupled to carboxylated beads by a carbodiimide-based coupling procedure. For each combination of probe and bead set, 2.5 million carboxylated beads (xMAP; Luminex Corp., Austin, TX) were suspended in 25 l of 0.1 M 2-(N-morpholino)ethanesulfonic acid, pH 4.5 (MES). Probe oligonucleotides (400 pmol) and 200 g of N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC) were added and thoroughly mixed with the beads. Incubation was performed in the dark under agitation for 30 min and was interrupted by a thorough mixing step after 15 min. The addition of EDC and incubation steps were repeated, and the coupled beads were finally washed once with 0.5 ml of 0.2 g/liter Tween-20 and once with 0.5 ml of 1.0 g/liter sodium dodecyl sulfate before being stored in 100 l of TE buffer at 4°C in the dark. Coupling efficiency of new bead batches compared to old ones was verified by hybridization to 1.0 to 4.0 l of biotinylated PCR product of the respective HPV. New coupling batches showing a coefficient of variation (CV) below 15% were used for further analyses (data not shown).
Hybridization assay. Following PCR amplification, 10 l of each reaction mixture was transferred to 96-well plates (96-well PCR thermo polystyrene plates; Costar, Wiesbaden, Germany) containing 33 l of tetramethylammonium chloride (TMAC) hybridization solution (0.15 M TMAC, 75 mM Tris-HCl, 6 mM EDTA, 1.5 g/liter Sarkosyl, pH 8.0) and a mixture of 2,000 probe-coupled beads of each set. TE buffer (7.0 l) was added, followed by gentle mixing with a 12-channel pipette (Biohit PLC). The mixture was heated to 95°C for 10 min in a laboratory oven (Bachofer, Reutlingen, Germany), immediately placed on ice for 2 min, and then transferred to a thermomixer (Eppendorf, Hamburg, Germany). Hybridization was performed at 41°C for 30 min under agitation. Using a 12-channel pipette (Brand, Roskilde, Denmark), the samples were transferred to a 96-well wash plate (Millipore, Bedford, MA) preequilibrated with blocking buffer (phosphate-buffered saline, 1 mg/ml casein). Subsequently, the beads were washed once with 100 l of blocking buffer on a vacuum wash station (Millipore). On a horizontal shaker at room temperature, beads were resuspended for 20 min in 75 l of streptavidin-R-phycoerythrin (Strep-PE; Molecular Probes, Eugene, OR) diluted 1:1,600 in 2.0 M TMAC, 75 mM TrisHCl, 6 mM EDTA, 1.5 g/liter Sarkosyl, 1.0 g/liter casein, pH 8.0. Beads were then washed three times with 100 l blocking buffer and finally resuspended in 100 l blocking buffer for 5 min on a shaker. Beads were analyzed for internal bead color and R-phycoerythrin reporter fluorescence on a Luminex 100 analyzer. The median reporter fluorescence intensity (MFI) of at least 100 beads was computed for each bead set in the sample. (Table 2 and Table 3 ). In all cases the defined cutoff value was above the mean background plus five times the standard deviations (data not shown).
The correlation between RLB and MPG was assessed using kappa statistics. The coefficient of correlation (R 2 ), the slope of the regression line, and the coefficient of variation (CV) were computed to describe assay reproducibility.
RLB of GP5؉/6؉-PCR products. RLB analyses were performed as previously described (20) . Using a miniblotter, 37 different oligonucleotide probes modified with 5Ј-amino groups were spotted on a carboxylated nylon membrane and bound by carbodiimide coupling chemistry. Subsequently, up to 40 PCR products were pipetted into the parallel channels of the miniblotter in such a way that the channels were perpendicular to the rows of probes deposited previously (20) . Hybridization of the biotinylated PCR products to the probes was followed by incubation of the membrane with antibiotin conjugate and enhanced chemiluminescence detection.
RESULTS

Development of multiplex HPV genotyping. (i)
Principle of the assay. GP5ϩ/bio6ϩ-PCR products are generated, denatured, and hybridized to the bead-coupled probes in 96-well plates, allowing PCR products from 96 individual specimens to be processed in parallel. After transfer into wash plates with filter bottoms, unhybridized DNA is removed. Subsequently, biotinylated PCR products are stained by Strep-PE conjugate. After further washing steps, beads are analyzed in the Luminex reader, which contains two lasers to identify the bead set by the internal bead color and to quantify the reporter fluorescence on the bead. The result is expressed as the median fluorescence intensity (MFI) of at least 100 beads per set (Fig. 1) .
(ii) Assay optimization. Final assay conditions used for this study were established after systematic variation of the following parameters: coupling procedure of probes to beads (EDC and probe input); temperature, salt concentration, and hybridization conditions; Strep-PE concentration; incubation time for staining; concentrations of different blocking substances in the washing buffer; and number of wash cycles and wash buffer composition (see Materials and Methods). For optimization of the protocol reproducibility, signal-to-noise ratios and detection limits were analyzed (data not shown).
(iii) Type-specific probe design. HPV type-specific hybridization probes for GP5ϩ/6ϩ-PCR products analyzed here have been published previously (20) and were used in the initial experiments. However, some of these "old" probes exhibited different limitations (see below); therefore, alternative "novel" probe sequences were designed and evaluated (Table 1 ). All novel probes were designed to completely match their corresponding HPV prototype and all other sequences of this type (except HPV-16; see Materials and Methods) available in the National Center for Biotechnology Information nucleotide sequence database (GenBank) and to exhibit at least three mismatches with all other mucostropic HPV types. Published probes for HPV types 16, 39, 42, 56, 59, 66, and 70 generated insufficient signals and/or high probe-dependent background (between 20 and 90 MFI), resulting in poor detection limits (Ͼ800 pg of PCR product). In order to recognize additional published HPV type variants, novel HPV-73 and HPV-82 probes with one degenerated nucleotide were designed that target highly conserved regions shared by all variants of the respective type. Novel probes were designed to anneal at melting temperatures between 50 and 55°C, resulting in probe lengths of 18 to 22 nucleotides. When hybridized to 100 ng of plasmid-derived PCR product, novel probes showed reduced background (except for HPV-73) compared to old probes, 2-to 8-fold enhanced signal values, and 2-to 30-fold improved signal-to-noise ratios. Detection limit was four-to eightfold improved by using novel probes, except for HPV-73, for which it b mm uni, mismatch of universal probe to prototype sequence. c DL uni, detection limit of universal probe to PCR product, in nanograms. d Probe-dependent background generated from PCR products that did not hybridize to the respective probe. e Weak additional reactivity probably due to probe contamination during synthesis (see Results, section "Specificity"). f Weak possible cross-reactivity despite the presence of at least four mismatches. g Background generated without PCR product present. h Detection limit of specific probe (in nanograms) based on the amount of PCR products required to obtain a signal above cutoff. remained unchanged (data not shown). PCR products from five of eight HPV-42-positive clinical samples also were available for retesting with the novel probe and showed identical typing results.
(iv) Universal probe. We developed a universal probe comprising a conserved region of 11 nucleotides upstream of the GP6ϩ sequence that detects all 22 mucosotropic HPV types included in this study. The universal probe overlapped in eight nucleotides with the GP6ϩ primer sequence. Nucleotide variations found with some of the 22 HPV types were partly overcome with the introduction of inosines (base pairing with adenine and cytosine) or nucleotide degenerations at five positions. The universal probe showed perfect matches with 7 of the 22 examined HPV types (32%), one mismatch with 13 HPV types (59%), and two and three mismatches, respectively, with HPV-42 and HPV-73. The universal probe recognized all 22 HPV types analyzed, but the hybridization signal was mostly dependent on the number of mismatches (Table 2) .
(v) Specificity. In order to determine the specificity of MPG, the 22 type-specific probes and the universal probe were coupled individually to defined bead sets ("23-plex") and hybridized to 1 l (ϳ20 to 30 ng DNA) of PCR products derived from saturated GP5ϩ/6ϩ-PCRs on 1 ng of cloned plasmid template. Typing of all HPV types was highly specific (Table 2) ; it was also highly specific when 100 ng DNA of PCR products was used (data not shown). Depending on the concentration of the PCR product and the HPV type, 1 l of GP5ϩ/6ϩ-PCR product generated signals between 120 and 830 MFI. From the 22 examined HPV types, 18 probes reacted with absolute specificity. However, four probes showed very weak reactivity with one additional HPV type each ( Table 2 ). The reactivity of the HPV-66 probe with HPV-52 and of the HPV-82 probe with HPV-51 could be due to cross-hybridization despite the presence of four mismatches in each pair. The reactivity of the HPV-16 probe with HPV-45 and of the HPV-58 probe with HPV-16 was probably due to probe contamination during synthesis in the same synthesis batch. This interpretation is based on high dissimilarity (at least six mismatches separate the pairs) and on the observation that resynthesized HPV-16 and HPV-58 probes lacked the additional reactivity. Taken together, DNA detection of 22 mucosal HPV types examined was highly specific and revealed a median signal-to-noise ratio (specific MFI/mean background) of 73 (range, 17 to 312) ( Table 2 ). The table also demonstrates the simple read-out of results due to quantitative signal values and the stability of the background observed with all probes.
(vi) Detection limit. In general, the analytic sensitivity of RLB and MPG is a function of the sensitivity of the PCR amplification and the detection limit of probes. The objective of this work was the development and validation of a multiplex hybridization assay for HPV genotyping, taking advantage of the well-characterized system of the GP5ϩ/6ϩ-PCR. To determine detection limits of probes using cutoff values, twofold dilutions of PCR products (between 76.8 ng and 50 pg obtained from the individual HPV plasmids) were hybridized to the universal and HPV type-specific probes. For type-specific probes, detection limits varied between 800 and 100 pg of PCR products (Fig. 2, Table 2 ). For the universal probe, the detection limits varied between 12.8 ng and 400 pg of PCR products depending on the number of mismatches (Table 2) .
(vii) Reproducibility. To test reproducibility of MPG, we used a set of 21 different plasmid-derived PCR products. These products were mixed in 16 samples to obtain double positives and were hybridized to 10 distinct probe-coupled bead sets. The experiment was repeated twice, once on the same plate and once on a second plate. Intraplate and interplate reproducibility of all 160 data points was very high, with neither individual (R 2 ϭ 0.996 and 0.993, respectively) nor systematic variation (slope of the regression line, 0.965 and 0.953, respectively). The median intraplate coefficient of variation (CV) for specific signals was 4.5% (range, 0.4 to 13.2%), and the median interplate CV for specific signals was 5.2% (range, 0.4 to 14.7%). However, signals obtained with the universal probe exhibited higher intraplate (9.9%; range, 5.2 to 23.6%) and interplate (11.8%; range, 4.0 to 52.1%) CVs.
We also determined interday assay reproducibility for genotyping of PCR products derived from 40 clinical specimens (4, 5) . The two experiments were performed within 2 weeks using different mixes of 22 type-specific probe-coupled bead sets from the same coupling batch. Of all typing results, 52 were concordantly positive (5.9%), 824 were concordantly negative (93.6%), and 4 were discordant (0.5%), yielding a kappa value of 0.96. For concordantly positive-typed reactions, the linear correlation coefficient (R 2 ) was 0.878 (data not shown). The slope of the trend line was 0.996, indicating low systematic variation between both experiments. The median interday CV for specific signals was 13.8% (range, 0.4 to 44.8%), but again the universal probe showed a more elevated median CV of 39.2% (range, 3.3 to 105.5%). The discordant reactions, two with HPV-16 and two with HPV-68, showed borderline signals differing by an MFI of 8 or less in three cases and one HPV-16 reaction exhibited 3 and 20 MFI, respectively. Among all multiple infections detected in one of the two experiments, 10 of 13 double and 2 of 3 triple infections were concordantly genotyped.
Analysis of clinical samples and comparison with reverse line blot (RLB).
We next aimed to test the suitability of MPG for the analysis of clinical samples. To this end, we analyzed GP5ϩ/GP6ϩ-PCR products of 94 cervical smears (88 HPV positive, 6 HPV negative) from a population-based screening trial (4, 5) . Forty of these samples could be analyzed twice; the four discordant reactions (see above) were classified as negative. According to RLB typing, the 40 samples contained a total of 17 different HPV types, present in single or multiple infections. The PCR products were genotyped by MPG, and the previous RLB results were unblinded only after the analysis was completed. Typing was performed with 10 l of product from the same PCR run both in the previous RLB analysis and in this study, excluding any PCR variation.
Of all typing results, 107 were concordantly positive (5%), 1,944 were concordantly negative (94%), and 17 were discordant (1%), yielding a kappa value of 0.922. This resulted in identical typing results for 80 of the 94 clinical samples (85%).
Compared to RLB, MPG failed to detect a single infection with HPV-70 in one sample but identified 16 additional infections (Tables 3 and 4) . Fifteen of them were found in samples with multiple infections by MPG only. Eight of these reactions showed strong MFI signals, while weak MFI signals (Ͻ10 MFI above cutoff) were generated in eight of the remaining reactions, indicating low viral loads. Among the eight discordant samples with strong MPG MFI signals, HPV-59 was detected in four cases, whereas HPV-42, HPV-52, HPV-70, and HPV-82 were scored within the other four. From six samples HPVnegative by RLB, five were concordant but one was strongly HPV-42 positive by MPG.
The increased number of MPG positives may reflect an overall higher sensitivity of the MPG assay, improved detection of variants by the novel probes, e.g., HPV-59, and/or higher sensitivity of the novel probes. The latter is further supported by a sample showing an HPV-16 signal that was weak in the RLB but almost 10-fold above cutoff in the MPG (data not shown). Alternatively, the detection of additional types by MPG may also arise from the use of novel probes (e.g., HPV probes 59, 70, and 82) that better recognize variants displaying sequence variations in the GP5ϩ/6ϩ region.
A sample of MPG typing results including all discordant typing reactions is presented in Table 4 . Triple and quadruple HPV infections were detected as easily as single infections (samples 1, 6, 8, and 9) , and known additional unspecific reactivity did not interfere with final analysis (samples 6 and 7). Sample 16, typed HPV-30 positive by RLB, showed no MPG type-specific result but a positive universal probe result since HPV-30 was not included in the MPG setup. The result seen with sample 17, which was both RLB-and MPG-negative type specific but MPG positive with the universal probe, suggested the presence of an amplified HPV type that was not recognized by type-specific probes. The weak HPV-68 (21 MFI) but high universal probe (92 MFI) signal in sample 15 might also reflect the presence of additional HPV types. HPV-negative sample 18 exhibited neither type-specific nor universal probe signal.
Taken together, these data demonstrate an excellent agreement of our MPG assay with RLB. Furthermore, they indicate a higher analytic sensitivity of MPG, as demonstrated here for multiple infections.
DISCUSSION
Conventional membrane-based genotyping methods such as the reverse line blot (RLB) assay are based on PCR technology and type-specific hybridization with oligonucleotide probes. The GP5ϩ/6ϩ-PCR-RLB allows the detection of multiple infections and is very sensitive (0.1 to 1 ng of PCR product required) and well validated (20) . However, RLB assays are limited with regard to the number of HPV types that can be detected simultaneously in one reaction and are relatively laborious (20) . Genotyping of epidemiological studies and vaccination trials with thousands of specimens is time-consuming and costly. In addition, RLB assays provide only semiquantitative results as read-out is visual, which may result in reproducibility problems and risks of mistakes during data entry.
Here, we developed a high-throughput multiplex assay that allows fast and simple genotyping of all clinically relevant genital HPV types in a single reaction yielding quantitative results. Comparing MPG to an established RLB assay, we found excellent agreement between both methods. We obtained evidence for a higher sensitivity of MPG by the detection of 15 additional HPV types in multiple infections. Three factors probably contribute to higher sensitivity: (i) improved detection of variants by novel probes, (ii) improved detection limits of novel probes, and (iii) overall higher sensitivity of the MPG assay. The third aspect will be addressed in more detail in a larger collection of EIA-negative PCR products from clinical samples.
The high sensitivity of this detection system revealed very weak, possible cross-hybridization of the HPV-66 probe with high concentrations of HPV-52 PCR products and of the HPV-82 probe with HPV-51, despite the four mismatches within the pairs. Additionally, probe contamination during commercial oligonucleotide synthesis can occur (as observed in our first batch of HPV-16 and HPV-58 probes) and mimic cross-hybridization.
Specific MFI hybridization signals depend on many variables, including the amount, size, sequence, and secondary structure of the PCR product used for hybridization, as well as size and sequence of the probe. As shown in this study, MPG is compatible with GP5ϩ/6ϩ-PCR products that have a size of approximately 150 nucleotides. It remains to be established whether longer PCR products, such as those derived from the PGMY09/11-PCR (450 bp), may impair hybridization due to sterical hindrance on the bead surface (Luminex Corp. website) or whether smaller PCR products improve the hybridization signal. One may speculate, however, that longer PCR products allow the variation of probe sequences in order to increase specificity and/or signal-to-noise ratios, which is hardly possible with, e.g., the short SPF10 PCR products (65 nucleotides) that exhibit little freedom for probe variation within the 22-nucleotide-long interprimer region. Therefore, GP5ϩ/6ϩ-PCR products may represent a good compromise for both high hybridization signals and specificity.
Recently, xMAP technology has been employed for HPV genotyping of HPV types ("BARCODE HPV assay") using PCR products generated with PGMY09/11-PCR (22) . Although this PCR system allows amplification of 45 different HPV types (10) , specificity of the BARCODE HPV assay was evaluated with PCR products of only six HPV types (6, 11, 16, 18, 45 , and 51), and the analytic sensitivity of type-specific probes was not determined. The assay was evaluated by comparing the PCR-based method with a non-PCR method, the hybrid capture 2 (HC2) assay. The HC2 assay lacks the ability of type-specific genotyping and only defines samples as positive for high-risk or low-risk HPV types. The comparison proved a reduced analytic sensitivity of BARCODE HPV, since HC2 detected a higher rate of high-risk HPV types in cervical lesions (81.8% versus 60.9%).
In this study, we successfully developed MPG for 22 out of 22 attempted genital HPV types and validated it for each type using PCR products derived from defined genomic plasmids. Meanwhile, after plasmids for validation were available, this array was extended to also include the initially missing putative high-risk HPV types 26 and 53. Given the design of the Luminex array comprising 100 sets of beads, further types can be easily integrated into the assay. As demonstrated here, the design of novel type-specific but variant-independent probes, such as the HPV-59 probe, allows genotyping of an even broader spectrum of HPV isolates, provided they are amplified by the PCR primer employed. On the other hand, HPV subtype-specific probes may also recognize those variants that do not show sufficient homology in the inner primer region.
MPG facilitates simultaneous and accurate detection of at least six different HPV types in the same sample without skewing the results (data not shown). Analytic sensitivity reached the level of 100 pg of PCR product and thus is in agreement with conventional membrane-based HPV genotyping assays (20) . Investigation of the reproducibility revealed a high degree of robustness even for weak signals. We designed and included a universal probe in the assay that recognized all 22 HPV types analyzed. Clinical samples positive with the universal probe but negative with the type-specific probes could indicate the presence of (i) a known low-risk HPV type for which The quantitative data output of multiplex HPV genotyping permits researchers to assess the amount of PCR product amplified. The 96-well format allows fast, simple, and highly reproducible analyses of up to 96 PCR products from clinical specimens in less than 2.5 h, hence at least 500 samples per day can be examined by one person. Large epidemiological and vaccination studies with thousands of samples can be analyzed in a small amount of time, probably also decreasing intrastudy variation. Another benefit of the technology is that it can be automated from preparation of DNA samples to PCR, hybridization, and final detection. Apart from the start-up costs for the analyzer, costs for consumables amount to $0.10 to $0.15 per sample and HPV type. In conclusion, multiplex HPV genotyping appears to be highly suitable for the conduction of large-scale epidemiological and vaccination studies as well as diagnostic screening.
